AFRL-ML-WP-TP-2007-490 


PEPTIDE-ASSEMBLED  OPTICALLY  RESPONSIVE 
NANOPARTICLE  COMPLEXES  (PREPRINT) 

Rajesh  R.  Naik  and  Joseph  M.  Slocik 

Hardened  Materials  Branch 
Survivability  and  Sensor  Materials  Division 


MARCH  2007 


Approved  for  public  release;  distribution  unlimited. 

See  additional  restrictions  described  on  inside  pages 


STINFO  COPY 


AIR  FORCE  RESEARCH  LABORATORY 
MATERIALS  AND  MANUFACTURING  DIRECTORATE 
WRIGHT-PATTERSON  AIR  FORCE  BASE,  OH  45433-7750 
AIR  FORCE  MATERIEL  COMMAND 
UNITED  STATES  AIR  FORCE 


NOTICE  AND  SIGNATURE  PAGE 


Using  Government  drawings,  specifications,  or  other  data  included  in  this  document  for  any 
purpose  other  than  Government  procurement  does  not  in  any  way  obligate  the  U.S.  Government. 
The  fact  that  the  Government  formulated  or  supplied  the  drawings,  specifications,  or  other  data 
does  not  license  the  holder  or  any  other  person  or  corporation;  or  convey  any  rights  or 
permission  to  manufacture,  use,  or  sell  any  patented  invention  that  may  relate  to  them. 

This  report  was  cleared  for  public  release  by  the  Air  Force  Research  Laboratory  Wright  Site 
(AFRL/WS)  Public  Affairs  Office  and  is  available  to  the  general  public,  including  foreign 
nationals.  Copies  may  be  obtained  from  the  Defense  Technical  Information  Center  (DTIC) 
(http://www.dtic.mil). 

AFRL-ML-WP-TP-2007-490  HAS  BEEN  REVIEWED  AND  IS  APPROVED  FOR  PUBLICATION  IN 
ACCORDANCE  WITH  ASSIGNED  DISTRIBUTION  STATEMENT. 


*//Signature// 

RAJESH  R.  NAIK,  Ph.D. 
Biotechnology 
Exploratory  Development 
Hardened  Materials  Branch 


//Signature// 

MARK  S.  FORTE,  Acting  Chief 
Hardened  Materials  Branch 
Survivability  and  Sensor  Materials  Division 


//Signature// 

TIM  J.  SCHUMACHER,  Chief 
Survivability  and  Sensor  Materials  Division 


This  report  is  published  in  the  interest  of  scientific  and  technical  information  exchange,  and  its 
publication  does  not  constitute  the  Government’s  approval  or  disapproval  of  its  ideas  or  findings. 


♦Disseminated  copies  will  show  “//Signature//”  stamped  or  typed  above  the  signature  blocks. 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

0MB  No.  0704-0188 

The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  searching  existing  data 
sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of 
information,  including  suggestions  for  reducing  this  burden,  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson 

Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a 
collection  of  information  if  it  does  not  display  a  currently  valid  0MB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

1.  REPORT  DATE  (DD-MM-YY) 

March  2007 

2.  REPORT  TYPE 

Journal  Article  Preprint 

3.  DATES  COVERED  fFrom  -  To) 

4.  TITLE  AND  SUBTITLE 

PEPTIDE-ASSEMBLED  OPTICALLY  RESPONSIVE  NANOPARTICLE 
COMPLEXES  (PREPRINT) 

5a.  CONTRACT  NUMBER 

In-house 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

62102F 

6.  AUTHOR(S) 

Rajesh  R.  Naik  and  Joseph  M.  Slocik*  (AFRL/MLPJ) 

Felicia  Tam  (Rice  University,  Dept,  of  Physics  and  Astronomy) 

Naomi  J.  Halas  (Rice  University,  Dept,  of  Electrical  and  Computer  Engineering) 

5d.  PROJECT  NUMBER 

4348 

5e.  TASK  NUMBER 

RG 

5f.  WORK  UNIT  NUMBER 

M08R1000 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDF 

Hardened  Materials  Branch  (AFRL/MLPJ) 
Survivability  and  Sensor  Materials  Division 
Materials  and  Manufacturing  Directorate 
Wright-Patterson  Air  Force  Base,  OH  45433-7750 
Air  Force  Materiel  Command 

United  States  Air  Force 

tESS(ES) 

Rice  University 

Dept,  of  Physics  and  Astronomy 

Dept,  of  Electrical  and  Computer  Engineering 
6100  Main  Street,  MS-366 

Houston,  TX  77005-1892 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

AFRL-ML-WP-TP-2007-490 

*NRC 

500  Fifth  Street,  NW  GR  322A 

Washington,  DC  20001 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Research  Laboratory 

Materials  and  Manufacturing  Directorate 

Wright-Patterson  Air  Force  Base,  OH  45433-7750 

Air  Force  Materiel  Command 

United  States  Air  Force 

10.  SPONSORING/MONITORING 
AGENCY  ACRONYM(S) 

AFRL/MLPJ 

11.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER(S) 

AFRL-ML-WP-TP-2007-490 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited. 

13.  SUPPLEMENTARY  NOTES 

Journal  article  submitted  to  Nanoletters. 


The  U.S.  Government  is  joint  author  of  this  work  and  has  the  right  to  use,  modify,  reproduce,  release,  perform,  display, 
or  disclose  the  work.  PAO  Case  Number:  AFRL/WS  07-0559,  14  Mar  2007. 

14.  ABSTRACT 

The  design  of  active  nanostructures  whose  form  and  properties  can  be  modulated  by  remote  means  is  an  important 
challenge  in  nanoscience.  Here  we  report  two  types  of  active  nanoparticle  complexes,  with  properties  controlled  by  near 
infrared  illumination,  resulting  from  the  assembly  of  photothermally  responsive  plasmonic  nanoparticles  with  thermally 
labile  bimolecular  linkers.  Au  nanoshells  (NS)  and  quantum  dots  (QD)  are  assembled  using  coiled-coil  peptides  into  NS- 
NS  andNS-QD  complexes.  Illumination  of  the  NS-NS  complexes  results  in  reversible  disassembly-reassembly,  while 
illumination  of  NS-QD  complexes  results  in  a  large,  reproducible  modulation  of  the  quantum  dot  fluorescence  without 
disassembly  of  the  nanoparticle-peptide  complex. 


15.  SUBJECT  TERMS 

Au  Nanoshells  (NS),  Quantum  Dots  (QD),  Peptide 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

18.  NUMBER 

19a.  NAME  OF  RESPONSIBLE  PERSON  (Monitor) 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

OF  ABSTRACT: 

OF  PAGES 

Rajesh  R.  Naik 

Unclassified 

Unclassified 

Unclassified 

SAR 

20 

19b.  TELEPHONE  NUMBER  (Include  Area  Code) 

N/A 

standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39-18 


Peptide-assembled  Optically  Responsive  Nanoparticle  Complexes 


Joseph  M.  Slocik/'^  Felicia  Tam,^  Naomi  J.  Halas,^  and  Rajesh  R.  Naik*^ 

1,  Materials  and  Manufacturing  Directorate,  Air  Force  Research  Laboratory,  Wright-Patterson  AFB,  OH 

45433-7702 

2.  Department  of  Physics  and  Astronomy,  Rice  University,  6100  Main  Street,  MS-366,  Houston,  TX 

77005-1892 

3.  Department  of  Electrical  and  Computer  Engineering,  Rice  University,  6100  Main  Street,  MS-366, 

Houston,  TX  77005-1892 

4.  NRC  fellow  500  Fifth  Street,  NW,  GR  322A  Washington,  DC  20001 


*  Corresponding  Author,  Tel.:  937-255-9717  Email:  Raiesh.Naik@wpafb.af  mil 


ABSTRACT 

The  design  of  active  nanostructures  whose  form  and  properties  can  be  modulated  by 
remote  means  is  an  important  challenge  in  nanoscience.  Here  we  report  two  types  of  active  nanoparticle 
complexes,  with  properties  controlled  by  near  infrared  illumination,  resulting  from  the  assembly  of 
photothermally  responsive  plasmonic  nanoparticles  with  thermally  labile  biomolecular  linkers,  Au 
nanoshells  (NS)  and  quantum  dots  (QD)  are  assembled  using  coiled-coil  peptides  into  NS-NS  and  NS-QD 
complexes.  Illumination  of  the  NS-NS  complexes  results  in  reversible  disassembly-reassembly,  while 
illumination  of  NS-QD  complexes  results  in  a  large,  reproducible  modulation  of  the  quantum  dot 
fluorescence  without  disassembly  of  the  nanoparticle-peptide  complex. 
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The  biological  assembly  of  nanoparticles  has  led  to  advances  in  device  fabrication,  photonics, 
catalysis,*'^  electronics,^'^  and  sensor  development^’^  as  a  result  of  the  precise  control  that  biological 
systems  offer.  For  example,  Au  nanoparticles  have  been  assembled  into  discrete  networks  using  DNA 
hybridization'*’’”  and  various  peptide  motifs. Bimetallic  catalytie  particles  have  been  prepared  by 
peptide  templated  synthesis, while  microorganisms'’  and  viruses^  have  been  used  to  organize  gold 
nanoparticles  into  conductive  networks.  In  addition  to  directing  assembly,  the  dynamic  nature  of 
biomolecules  has  also  been  exploited  to  induce  structural  changes  in  nanoparticle  complexes  under  certain 
controlled  conditions.  For  example,  the  release  of  encapsulated  CdS  particles  by  the  heat  shock  protein 
GroEL  can  be  triggered  by  addition  of  ATP."*  Conformational  changes  to  biomolecules  can  be  stimulated 
by  various  environmental  conditions,  such  as  temperature,  pH,  solvent,  and  ionic  concentration,"*  In 
living  systems,  these  changes  are  often  used  to  signal  biochemical  events  and  pathways;  in  abiotic 
systems,  they  present  useful  mechanisms  for  the  external  triggering  of  structural  changes  in  nanoparticle 
assemblies  or  networks.’^  For  example,  pH  modulation  has  been  shown  to  promote  the  disassembly  of  a 
coiled-coil  leucine  zipper  peptide  based  gold  nanoparticle  structure’^’  and  DNA  functionalized  gold 
nanoparticle  assemblies.” 

Plasmonic  nanoparticles,  metal -based  nanoparticles  whose  optical  resonant  properties  are 
controlled  by  their  geometry,^**’  are  highly  promising  components  for  imparting  optical  responsivity  into 
nanoscale  structures.  This  useful  class  of  nanoparticles  combines  structurally  tunable  optical  properties 
with  facile  conjugation  of  biomolecules  to  their  surfaces.  Optically,  nanoshells  can  be  designed  to  scatter 
and/or  absorb  light  over  a  broad  spectral  range.  Their  large  absorption  cross  section  combined  with  their 
extremely  weak  fluorescent  properties  result  in  a  very  strong  photothermal  response  upon  resonant  optical 
illumination.  The  large  photothermal  response  of  nanoshells  has  been  successfully  exploited  in  numerous 
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actuating  applications,  such  as  optically  triggered  drug  delivery, independently  optically  addressable 
materials,^'’’  microfluidic  valves, photothermal  deletion  of  cancer  cells^^  and  photothermally  induced 
remission  of  cancerous  tumors.^®  These  photothermal  properties  have  additional  potential  in  applications 
such  as  destruction  of  biological  warfare  agents,  decontamination  of  pollutants,  or  photothermally  driven 
devices  and  switches,  where  optical  illumination  may  be  used  to  toggle  between  a  cool  or  heated  state. 

Here  we  report  the  use  of  a  coiled-coil  peptide  motif  to  assemble  two  types  of  active  nanoparticle 
complexes,  designed  to  respond  specifically  to  near  infrared  resonant  light  illumination.  Extended 
nanoshell -nanoshell  (NS-NS)  and  discrete  nanoshell-semiconductor  quantum  dot  (NS-QD)  complexes  are 
assembled  using  this  peptide  as  a  thermally  labile  interparticle  linker.  Since  Au  nanoshells  possess  a 
large  photothermal  response,  when  they  are  assembled  into  complexes  via  this  thermally  sensitive 
molecular  linker,  the  structures  and  properties  of  the  resultant  nanoparticle  complexes  can  be  modulated 
remotely  using  near  infrared  illumination.  Although  the  structure,  properties,  and  active  modulation 
response  of  the  NS-NS  and  NS-QD  complexes  are  quite  different,  the  use  of  coiled-coil  peptides  for 
assembly  in  both  cases  results  in  optically  modulated  properties  that  are  robust  and  reversible,  capable  of 
being  optically  cycled  numerous  times. 

Au  nanoshells  (NS)  with  plasm  on  resonances  at  805  nm  were  synthesized  as  described 
previously.^^’  200  pL  of  nanoshells  (1.1  x  lO’**  particles/mL)  were  transferred  into  0.1  M  phosphate 
buffer  pH  9.0  for  subsequent  peptide  binding.  3  pL  of  one  of  the  two  matching  anti-parallel  coil  peptides 
(E5)  -CGGEVSALEKEVSALEKEVSALEKEVSALEKEVSALEK-  or  (K5)  -CGGKVSALKEKVSALK 
EKVSALKEKVSALKEKVSALKE-  (10  mg/mL,  New  England  Peptide  Inc.)  were  then  added  to  the 
nanoshell  suspensions  and  incubated  for  2  hours.  Unbound  peptide  was  then  removed  through  three 
cycles  of  centrifugation  and  dialysis  in  deionized  water.  The  peptides  were  conjugated  to  the  nanoshells 
through  Au-thiol  binding.  FT-IR  spectroscopy,  obtained  on  a  Perkin  Elmer  FT-IR  spectrometer 
SPECTRUM  2000  with  Autolmage  system,  was  used  to  confirm  the  presence  of  NS-bound  coil  peptide, 
through  the  absence  of  S-H  stretching  modes  and  the  appearance  of  amide  I  and  11  vibration  modes. 
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Purified  E5  and  K5  peptide  functionalized  NS  components  were  incubated  together  for  2  h, 
resulting  in  nanoshell  complexes  that  were  assembled  orthogonally  at  a  1:1  ratio  via  a  coiled-coil 
formation.  The  assembled  NS-NS  structures  were  characterized  using  a  CPS  disk  centrifuge  particle  size 
analyzer  DC240000  and  using  a  Phillips  CM200  transmission  electron  microscope  (TEM)  (Fig.  1).  Free 
Au  nanoshells  possessed  a  diameter  of  122  nm  (Fig.  IB);  nanoshells  assembled  with  complementary  coil 
peptides  exhibited  a  size  of  205  +  60  nm,  indicative  of  dimers  (Fig.  1C).  Consistent  with  the  particle  size 
analysis  data,  TEM  micrographs  of  the  assembled  nanoshell  complexes  show  the  predominance  of  large 
nanoshell  aggregates  relative  to  free  nanoshells. 

The  peptide  assembled  structures  possessed  excellent  stability  against  external  heating  and 
chemical  denaturants.  This  property  is  entirely  due  to  the  stability  of  the  coiled-coil  peptide  complex  to 
heat  (Tm  >  85'’C)  and  to  guanidinium  HCl,  thereby  making  the  NS-NS  structures  resilient  to  conventional 
biochemical  methods  used  for  protein  denaturation.  However,  it  is  possible  to  trigger  the  disassembly  of 
these  nanoshell  complexes  by  utilizing  the  intrinsic  photothermal  properties  of  nanoshells.  Near-IR 
illumination  was  achieved  with  a  810  nm  molded  3x  LEDs  (Marubeni  Corp,  20m W).  The  NS-NS 
structures  were  irradiated  for  15  minutes  with  808  nm  incident  light,  well  within  the  linewidth  of  the 
plasmon  resonance,^^  to  induce  temperature-mediated  unfolding  of  the  coiled-coil  peptide  interface  and 
therefore  promote  disassembly.  As  a  result,  the  nanoparticle-peptide  complexes  were  nearly  completely 
disassembled  into  the  individual  NS  components  as  observed  by  the  lack  of  the  larger  aggregates  by  TEM 
(Fig.  ID).  In  addition,  the  particle  size  analysis  of  the  irradiated  structure  revealed  a  size  distribution 
centered  around  122  nm,  consistent  with  disassembled  free  nanoshells.  The  tail  of  the  CPS  plot  indicates 
that  a  small  number  of  residual  dimer  particles  persisted.  Notably,  this  externally  triggered  disassembly 
was  found  to  be  reversible.  Five  minutes  after  irradiation  had  ceased,  the  coil  functionalized  nanoshells 
reassembled  to  form  the  original  NS-NS  coiled-coil  structure  (Fig.  IE)  due  to  reversible  folding  of  the 
peptides  upon  cooling. 
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In  the  case  of  the  peptide-assembled  NS-QD  heterocomplexes,  discrete  nanoparticle  assemblies 
were  obtained  consisting  of  individual  peptide-conjugated  nanoshells  linked  to  multiple  QDs  at  their 
surfaces  (Fig.  2).  Similar  to  the  NS-NS  complexes,  nanoshells  and  quantum  dots  were  functionalized 
with  matching  anti -parallel  coil  peptides,  E5  and  K5,  respectively.  CdSe/ZnS  Evitag-Fort  Orange- 
Carboxyl  quantum  dots  (QD)  (Evident  technologies,  catalog  #ET-C1  l-CBl-0600,  cone.  0.25  mg/mL) 
were  functionalized  with  coil  K5  peptide  by  incubating  3  pL  of  coil  peptide  K5  with  50  pL  QD-COOH 
that  had  been  activated  with  20  pL  of  EDC/NHS  for  and  50  pL  of  0.1  M  cysteine.  TEM  analysis  revealed 
several  uniform  layers  of  quantum  dots  on  the  nanoshell  surface  (Fig.  2B)  with  characteristic  lattice 
fringes  for  the  QDs.  ED  AX  mapping  of  the  NS-QD  structure  confirmed  the  association  of  the  Cd,  Zn, 
and  S  of  the  quantum  dot  with  the  Au  of  the  nanoshell  (Fig.  2C).  In  contrast,  substitution  of  a  coil  peptide 
with  a  random  peptide  sequence  on  the  quantum  dots  resulted  in  no  formation  of  NS-QD  structures. 

The  peptide-assembled  NS-QD  heterostructure  complexes  give  rise  to  a  dramatic  active  response 
upon  illumination  (Fig.  3).  Since  metal  nanoparticles  significantly  alter  the  emission  of  nearby 
fluorophores,^^’  the  fluorescence  from  the  NS-QD  structures  was  monitored  during  assembly  using  a 
Varian  Cary  Eclipse  fluorimeter.  Initially,  as  the  NS-QD  complexes  assemble  (prior  to  illumination),  the 
QDs  are  brought  into  close  enough  proximity  to  the  NS  surface  to  result  in  a  quenching  of  the  QD 
fluorescence  at  605  nm  to  69%  of  the  free  QD  emission  (Fig.  3B).  When  the  NS-QD  complexes  were 
irradiated  with  808  nm  light  (using  the  fluorimeter),  a  dramatic  increase  in  fluorescence  to  preassembly 
levels  occurred.  This  behavior  is  reminiscent  of  previously  reported  fluorescence  changes  in  CdTe-PEG- 
Au  superstructures  in  response  to  bulk  solution  heating.^^’  Following  the  dramatic  increase  in 
illumination-induced  fluorescence,  the  fluorescence  emission  of  the  NS-QD  complex  then  slowly  decays 
back  to  its  initial  preillumination  value. 

Our  interpretation  of  the  active  response  of  this  heterostructure  complex  is  based  on  the  distance- 
dependent  fluorescence  quenching  and  enhancement  of  fluorophores  by  metallic  nanoparticles.  Because 
of  the  partial  quenching  of  the  fluorescence  during  initial  assembly,  it  appears  that  the  QDs  are  located 
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relatively  close  to  the  NS  surface  in  equilibrium.  Since  the  fluorescence  increases  upon  illumination,  it  is 
likely  that  this  corresponds  to  an  increase  in  NS-QD  distance,  either  due  to  a  stretching/expansion  of  the 
peptide  ligands,  or  due  to  dissociation  of  the  complex.  Unlike  the  NS-NS  structures,  however,  particle 
size  analysis  (Fig.  3C),  gel  electrophoresis  and  TEM  revealed  that  the  NS-QD  complexes  do  not 
disassemble  appreciably  upon  near-IR  illumination.  The  slow  timescale  of  the  observed  post-illumination 
fluorescence  decay  may  possibly  be  due  to  charging  effects  upon  illumination  of  the  complex:  if  the  QD- 
ligands  become  charged,  the  resulting  electrostatic  repulsion  would  inhibit  their  relaxation  back  to  the 
nanoshell  surface. 

Circular  dichroism  (CD)  spectroscopy  confirmed  that  the  observed  disassembly-reassembly  of  the 
NS-NS  complexes  was  indeed  induced  by  a  change  in  the  secondary  structure  of  the  coiled-coil  peptides 
(Fig.  4 A).  In  contrast,  CD  spectroscopy  of  the  NS-QD  complexes  revealed  no  such  structural  change, 
further  supporting  the  conclusion  that  the  fluorescence  modulation  in  these  complexes  is  not  due  to 
disassembly  (Fig.  4B),  Using  a  Jasco  J-720  spectropolarimeter,  we  monitored  the  change  in  secondary 
structure  of  the  coiled-coil  peptides  in  the  NS-NS  assemblies  in  situ  with  an  array  of  810  nm  LED’s. 
Upon  illumination,  the  spectrum  of  NS-NS  showed  a  30%  loss  in  helicity  of  the  peptide  functionalized 
NS’s  at  0222  and  featured  a  decreased  peak  at  190  nm  attributed  to  tt— >71*1  transition.  The  change  in 
secondary  structure  indicates  thermal  unfolding  of  the  peptide  induced  by  NS  photothermal  heating,  and 
is  consistent  with  the  dissociation  of  other  coil  peptides.’^  Following  illumination,  the  disassembled  coil- 
NS  components  regained  -  90%  of  their  original  helicity  upon  reassembly  of  the  NS-NS  structures.  In 
contrast,  there  was  no  difference  between  the  CD  spectra  of  the  pre-illuminated  and  post-illuminated  NS- 
QD  complexes,  indicating  no  detectable  change  in  the  structure  of  the  peptide  linkages  in  this  case. 

The  difference  in  disassembly  between  the  irradiated  NS-NS  and  NS-QD  structures  may  be  due  to 
interactions  between  the  plasmons  on  adjacent  NSs  in  the  NS-NS  complexes,  which  upon  irradiation  may 
lead  to  increased  fields  in  the  junction  between  the  nanoparticles,  resulting  in  a  greater  photothermal 
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dissociative  response.  In  addition,  it  is  likely  that  heat  dissipated  more  quickly  from  the  relatively 
isolated  nanoshells  in  the  NS-QD  structures  as  opposed  to  the  dense  network  of  the  NS-NS  complexes. 

The  ability  to  control  the  nanoparticle  assemblies  remotely  by  optical  illumination  has  highly 
valuable  potential  for  ultimately  manipulating  material  properties.  We  have  shown  that  the  coiled-coil 
peptide  assembly  of  nanoshell-nanoshell  and  nanoshell-quantum  dot  complexes  results  in  active 
nanostructures  with  light-inducible  responses.  This  method  affords  a  new  means  to  manipulate  both 
structural  properties,  such  as  reversible  disassembly,  as  well  as  optical  properties  such  as  fluorescence 
quenching,  without  disassembly.  In  addition,  it  may  be  possible  to  tailor  the  optical  threshold  and 
response  kinetics  of  such  optically  active  nanostructure  complexes  by  modifying  the  melting  transition  of 
the  biomolecule  interface,  a  property  controlled  by  the  structure  of  the  biomolecules  themselves. 
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FIGURE  LEGENDS 

Figure  1.  Assembly  and  disassembly  of  coiled-coil  peptide  functionalized  nanoshell  complexes.  (A) 
Schematic  illustration  of  the  light-induced  assembly/disassembly  process.  TEM  micrographs  (left  panels) 
CPS  particle  size  analysis  (right  panels)  of  (B)  free  nanoshell  functionalized  with  E5  coil  peptide,  (C) 
assembled  NS-NS  complexes,  (D)  near-IR  disassembled  structures,  and  (E)  reassembled  nanoshell 
complexes  following  irradiation. 
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Figure  2,  Assembly  and  characterization  of  NS-QD  structures.  (A)  Schematic  of  the  assembly  process. 
(B)  TEM  image  of  NS-QDs.  (C)  EDAX  maps  for  Au,  S,  Zn,  and  Cd  on  the  NS-QD  complexes.  Scale 
bar,  90  nm. 

Figure  3.  Near-IR  irradiation  of  NS-QD  structures.  (A)  Schematic  of  the  assembly  process.  (B)  Time 
plot  of  fluorescence  at  605  nm  during  assembly  and  after  irradiation.  Fluorescence  measurements  were 
collected  and  averaged  every  5  sec  for  the  assembly  process;  measurements  were  collected  continuously 
following  illumination.  (C)  CPS  size  plot  showing  free  nanoshells,  NS-QD  coil  assemblies,  and  irradiated 
structures. 


Figure  4.  Circular  Dichroism  measurements  of  (A)  NS-NS  and  (B)  NS-QD  complexes  before  and  after 
irradiation. 
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